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Abstract 

Multiscale technicolor models predict the existence of high mass 
resonances at hadron colliders. Although the quark fusion process 
of production dominates, vector boson fusion offers the advantage of 
allowing forward jet tagging for background suppression. We calculate 
here the cross section and differential distributions for pT production 
in the vector boson fusion channel at the LHC. 



1 Introduction 



In the search for the origin of electroweak symmetry breaking, strong cou- 
phng models are an alternative to the Standard Model Higgs mechanism, 
or for weakly coupled theories based on supersymmetry. Although classi- 
cal technicolor suffers from major shortcomings, viable multiscale models 
have been developed [0] which allow for fermion mass generation and for the 
absence of weak neutral currents. These models, which are not necessar- 
ily excluded by precision measurements of electroweak parameters at LEP 
and SLC 0, not only provide the technipions which serve as the longitudinal 
components of the gauge bosons, but also predict the existence of technipions 
(ttt) as mass eigenstates, as well as technirhos {pr), and other techniparticles. 

The feasibility of observing such resonances produced in qq fusion, in 
ATLAS has been reported in [Q. The analysis was based on a PYTHIA 
implementation of the multiscale model of Eichten, Lane and Womersley [0], 
and took into account detector effects by using a fast simulation of the AT- 
LAS detector. In particular, one of the channels analyzed was produc- 
tion with subsequent decay into tij^W^ — >• hbi^v. Assuming a quark fusion 
process, the authors p[ of the model have calculated the relevant matrix 
elements. It has then been shown in [Q that, given some reasonable values 
for the parameters of the model, the observation of such a process should be 
feasible with ATLAS, but is limited by background for possible large masses 
of pt and t^t- 

The technique of forward jet tagging has been shown 0] to be very power- 
ful in eliminating backgrounds from such processes as + jets production. 
For that reason, it is important to estimate if px production via a vector 
boson fusion process can be a useful complementary channel for discovery of 
such a resonance. We evaluate here the cross section for this process. 

The article is organized as follows. First, the model for the form factor 
and decay width of pt are presented in section 2. Results on the cross section 
calculation are given in section 3. The main results are summarized in the 
conclusion. 
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2 Model 



In this section we describe in detail the essential features of the model used 
in our calculations. 

The lighter isotriplet px is assumed to decay dominantly into pairs of the 
mixed state of isotriplet IIIt) = sinxjl^i) H-cosxIttt), where the value of the 
mixing angle x is assumed [0] to be: sinx = 1/3. The vertex px — > t^at^b-, 
where 'Ka,b may be longitudinal W^,Zl bosons or technipion ttt, has the 
following form [Q: 

gpFp^^{p, qa, qB)CAB£''{qA - qB)v (1) 

where p, qA and qs are the momenta of pr, t^a and ttb; is the polarization 
vector of px] the parameters Cab are equal to 

r sin^x for W^Zl, 
Cab=\ sin X cos X for PVf ttt, (2) 

[ COS^ X fol' T^T 

and Qp is a coupling constant, normalized as follows p|: 



9p . / 3 



— = 2 91 
A-K ' \Ntc 

where Ntc = 4 (see 0). 

Being a compound object, consisting of two heavy techniquarks, the tech- 
nirho couples to two technipions (or longitudinal W, Z bosons) by means of 
the diagram in Fig.l. In the loop the techniquarks 1 and 2 are on-shell (it is 
a typical approximation for a such consideration), while quark 3 is virtual. 
The latter has a momentum given by: 

P3=Pi-qA = ^Pp -qA = ^(gs - qA)- 

The production vertex is naturally suppressed by large virtualities of the 
Wl and Zl, but is enhanced, in that case, by large values of ps in the 
numerator. To be consistent with the Effective W Approximation (EWA), 
the additional form factor Fp^7r(p, ?_b) in (|1]) is introduced. 

M"^ - - 

Fp^AP, U, qB) = " ^^^2^^ ^^ (3) 
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Figure 1: Diagram describing Pit^at^b coupling via a loop of heavy 
techniquarks (lines 1, 2, and 3). The quarks Qi and Q2 are on-shell 
{PQi — ~PQ2 — \Pp^ ^'^d the momentum of the off-shell quark Qs is 
\{qB - qa)- 




where Mp, M^^^ are the masses of PtiT^a,b- In analogy with the case of 
a heavy ((5i(52)-nieson, this form-factor takes into account the possible off- 
shellness of technipions vr^ and vr^. The denominator in the effective PtT^a'^b 
vertex (|^) results from the propagator of this virtual quark in the loop: 

™1-Pi = f = (4) 

where M^ = ql + ql + 2{qAqB)- 

In the decay vertex of px, for on-shell technipions tta and ttb, we have 

-^pTTTT |on— shell !• 

Using the vertex ([I|) we get the well-known equation for the pt — > ttat^b 
decay width 

T{pT TTATlB) = (5) 

We investigate the case of px production with its subsequent decay into 
TT^W^ pair. The corresponding branching ratio has a non-trivial behavior, 
as can be seen in Fig. 2 for three decay channels of the charged technirho: 

P^ — >• TTj-TT^, HjWl + T^T^L OI p^ — >• Z lW^ . 



3 



1 



1- 

Q. 






M(p.p) = 1000 GeV 




"0.9 






0.8 






0.7 


- Pt ~^ / \ 
\ /Pt^'^tWl \ 




0.6 






0.5 






0.4 






0.3 






0.2 






0.1 








rT~^~'ri , , , , I , , , , 1 , , , , 1 


, , 1 , , , , iV , , 



100 200 300 400 500 600 700 800 900 1000 
M(nj). GeV 



Figure 2: Branching ratios versus M^ry for the decay channels of 
TTyvr^, — > ttj^Wl + vTy or Z^W^. We consider the 

case niorr = 1 TeV and rriTrrr = 500 GeV. 



We can distinguish two regions in the technipion to technirho mass ratio. 
In the first region, namely M^^^/Mp^ <\j2, the p% — >• TTrvrr decay is kinemat- 
ically allowed. As M^^, increases (keeping Mp^ fixed) the relative momentum 
Pab in equation (j^) decreases. As a result we have a decreasing branch- 
ing fraction for the TryTTj- channel, while the other two channels increase in 
their relative value (see Fig. 2). Just above the value M^^jMp^ = 1/2 the 
branching ratio for the ittWl channel reaches its maximum value. As the 
mass of ttt rises further, in the second region up to the kinematic bound 
MT,r^/Mp^ = 1, the relative boson momentum pwttt decreases, yielding a 
decreasing branching ratio for technipion + longitudinal W boson. 
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3 Calculation of the cross section 

We examine the reaction of technirho production at ^/s = 14 TeV (LHC 
collider) with subsequent decay of the technirho into a neutral technipion tTj, 
and a longitudinal VT^-boson 

PP QfQfpT ttt^l) X (6) 

Since each of the final particles from the pt decay has a very narrow width in 
comparison with its mass, we take both the final ly^-boson and technipion 
to be on-shell. 

One of the diagrams describing the subprocess 

qq' q/q'fpT ^ q/QfT^T^L (7) 

is shown in Fig. 3. Only fusion of longitudinal Wl and Zl bosons, radiated 
from the initial quarks q and q', needs to be taken into account. 




Figure 3: One of the diagrams describing pj, production with sub- 
sequent decay into vrj.(— > bb) and W^{—> l^i/). 

The polarization vector of a longitudinal boson with mass M and 4- 
momentum q is equal to 

»-F + ^(-^-7l«. (B) 
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In our calculations we set that 



BR(7r° ^bb) = l, 
and BR{W^ l^v) = 1/9. 



We use the CTEQ2L parameterization of the proton structure functions [0]. 
For evolution scale we set y/Q^= Mw 

The resulting cross sections for different values of the masses of and tt^ 
are presented in the Table ^ Note that the cross section of the reaction (|^) 
may be presented in the factorized form as follows: 

a{pp qjqfpTi^ 7r^WL)X) = a{pp qjqfprX) x BR(pT ^ tttWl)- (9) 

Therefore, the M^^,- dependence of the cross section for reaction (H) with 
a given value of Mp^ is completely determined by the branching ratio of 
technirho decay into titWl (see Fig. 2). In particular, we expect that the 
cross section of reaction (|[) should reach a maximum for M^^^/Mp^ ^1/2. 

A brief remark about the role of the form-factor Fp^^^^ in the Ptt^at^b 
vertex (0) is in order. In Fig.4 comparison is made of the pseudorapidity 
distribution of the final primary light quarks g/, qj (not from ttj. decay). The 
dashed histogram corresponds to the qw and qz dependent form-factor Fp^^r 
using expression (^, while the solid histogram is produced with Fp^^T, = 1. 
From this figure one clearly sees that the latter choice {F = 1) disagrees 
with expectations from the effective ly-approximation, since the pseudora- 
pidity distribution of the final g/ do not peak in the forward and backward 
direction). 

Other differential distributions are shown in the Figs. 5-6 (solid his- 
tograms) . 

We also compare our exact results with the calculations within effective 
ly-approximation approach 0. In this case the matrix element for the pro- 



cess 



looks very simple. The exact form of the |Mp is presented below 




1 



X 



{P^p^~Ml^f + {Vp,Mp,) 



2 ' 
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where and Pz are the momenta of the initial Wl and Zl, while pa and 
Pb are the momenta of the final longitudinal Wl boson and techipion ttt, 
respectively (see for detail). The parameters Cwz and Ct,w are given by 
the equation (0). 

The corresponding differential distributions are shown in the Figs. 5-6 
(dashed histograms). One can see from these figures that the shapes from 
the exact and EWA calculations are in good agreement. 

As an example for the above calculation, the same case as in but by the 
process of gauge boson fusion, has been reported in p$ ^ qqW^nj. — >• 
lubb (where / is an electron or muon), with rup^ = 800 GeV and m^ry = 500 
GeV. For this process, a x BR is about 2.2 fb, as can be seen from table 1 
(accounting for both /xi/ and eu decays of the charged W. This cross section 
depends sensitively on the assumed value of the mixing sinx between the 
longitudinal gauge bosons and the technipions since it involves the WZp^ 
vertex as well as the ptWttt vertex. It was shown that, with the same 
model parameters, the resulting signal would leave about 2.6 events on a 
background of about 5.6 for an integrated luminosity of 30 fb~^, or a value 
of a /\/B = 1.1. This is to be compared with a significance of 2.1 obtained in 
ref IQ for the qq fusion contribution. This process of vector boson fusion with 
forward tagging of jets could therefore complement the qq fusion process, but 
would not be a discovery channel unless the a x BR is at least 12 fb. 

4 Conclusion 

We have calculated the cross section and differential distributions for pt 
production, in the vector boson fusion channel. We have compared our exact 
calculations with those within the effective W-boson approximation. The 
shapes of the differential distributions for the final particles (charged leptons 
and 6-quarks) obtained by the two methods (the exact and EWA) are in 
reasonable agreement. 

For a particular choice of masses for the technirho and technipion {Mp^ = 
800 GeV and M^-y = 500 Gev) the possibility of extracting the signal from the 
background was evaluated. After applications of kinematical cuts, assuming 
low luminosity, one would expect about 2.6 events from the signal and about 
5.6 ones from the background. Therefore, the process of vector boson fusion 
with forward tagging of jets could complement the qq fusion process. 
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Tabic 1: 

The value of the pt — ^ ttj^W^ production cross sections (times branching 
ratios for tTj. — > bb and — > n^u) for different values of Mp^ and Mttj,. 
The masses are in GeV, while the cross sections are in fb. 



pp p^X 


= 200 


400 


500 


600 


800 


1000 


1200 


1400 


M,, = 100 


1.921 
















500 


0.630 


0.268 














600 


0.415 


1.213 


0.146 












800 


0.247 


0.752 


0.690 


0.610 










1000 


0.107 


0.135 


0.307 


0.296 


0.163 








1200 


0.088 


0.079 


0.079 


0.281 


0.172 


0.077 






1500 


0.105 


0.057 


0.038 


0.075 


0.079 


0.089 


0.038 


0.001 


2000 


0.030 


0.014 


0.011 


0.011 


0.010 


0.027 


0.027 


0.032 


pp PtX 


= 200 


400 


500 


600 


800 


1000 


1200 


1400 


Mp = 400 


1.288 
















500 


0.391 


0.166 














600 


0.243 


0.699 


0.088 












800 


0.129 


0.399 


0.378 


0.319 










1000 


0.060 


0.072 


0.162 


0.155 


0.087 








1200 


0.050 


0.040 


0.042 


0.148 


0.087 


0.038 






1500 


0.060 


0.030 


0.019 


0.036 


0.038 


0.042 


0.019 


0.001 


2000 


0.018 


0.008 


0.005 


0.006 


0.005 


0.012 


0.012 


0.014 
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Table 2: 

Signals and backgrounds for the observation of — > VF^tt^ £^ubb. The 
last column shows the multiplicative factor used in the normalization of the 
background, assuming 30 fb~^. 



Process 


preselection 


a 


Nb. of events 


factor 






(pb) 


simulated 


30 fb-i 


Pt 


m > 600 GeV/c2 


0.0022 


2000 


0.033 


tt 


Pt > 100 GeV/c 


333 


5.3 X 10^ 


1.88 


W + jets 


W iu;pT > 100 GeV/c 


638 


6 X 10^ 


3.2 


Wbb 




19.9 


2 X 10^ 


3.0 


Z + jets 


Z Pt > 100 GeV/c 


85.5 


6 X 10^ 


4.28 


WZ 




20.6 


10^ 


0.618 



Table 3: 

Number of signal/tt/(W+jets+Z+jets) events around the mass peak of the 
signal, after the application of successive cuts (see the text). The last two 
lines give the a x BR predicted by the model, as well as the a x BR required 
for a 5(7 significance of the signal 



Cut 


Pt 


A 


6.2/3150/34.7 


B 


6.0/1400/29.7 


C 


2.6/5.6/0 


s/Vb 


1.1 


ax BR (fb) 




model 


2.5 


for 5(7 significance 


11.6 
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Figure 4: Pseudorapidity distribution of final qf quarks, calculated 
with momentum-transfer dependent form-factor -FpTr-n- of the form of 
equation (§) (dashed histogram) and with Fp,r7r = 1 (solid histogram) . 
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Figure 5: Pseudorapidity distributions of final particles, namely, 
qf quarks, Wl, 6-quarks, and charged lepton. Solid and dashed his- 
tograms are the results of the exact and EWA calculations, respec- 
tively. All histograms are normalized to unit area. 
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Figure 6: Transverse energy distributions of final particles, namely, 
Qf quarks, Wl, 6-quarks, and charged lepton. Solid and dashed his- 
tograms are the results of the exact and EWA calculations, respec- 
tively. All histograms are normalized to unit area. 
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